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,QSDUWLFXODUVXSHUFRQGXFWLQJ>@DQGWKHUPRHOHFWULF>@PDWHULDOVVHHPILWWRVROYHWKHHQHUJ\SX]]OHVLQFHWKH\
FDQSURYLGHHIILFLHQWHQHUJ\WUDQVSRUWDQGFRQYHUVLRQUHVSHFWLYHO\
6XSHUFRQGXFWRUVFDQWUDQVSRUWHOHFWULFDOFXUUHQWZLWKRXWGLVVLSDWLRQLIFRROHGGRZQDWWKHDSSURSULDWHWHPSHUDWXUH
6XSHUFRQGXFWLQJEXONVDQGVLQJOHFU\VWDOVDUHTXLWHLPSRUWDQWIRUWKHVWXG\RIWKHEDVLFSK\VLFDOSURSHUWLHVKRZHYHU
IRUSUDFWLFDODSSOLFDWLRQVVXFKDVGLUHFWFXUUHQWWUDQVSRUWRUZLQGLQJRIPDJQHWVGHYHORSPHQWRIVXSHUFRQGXFWLQJ
ZLUHV DQG WDSHV LV VWURQJO\ UHTXLUHG ,Q RUGHU WR EH GLVFORVHG WR WKH SUDFWLFDO DSSOLFDWLRQV ORVVOHVV FXUUHQW
WUDQVSRUWDWLRQZLQGLQJRIPDJQHWVDQG VR RQ VXSHUFRQGXFWLQJPDWHULDOVVKRXOGSRVVHVVQRW RQO\7F EXW DOVR -F
FULWLFDOFXUUHQWGHQVLW\DQGSLQQLQJIRUFH)S -Fh%ZKHUH%LVWKHH[WHUQDOPDJQHWLFILHOGDVODUJHDVSRVVLEOH
WR FRYHU D ZLGH UDQJH RI LQWHQGHG DSSOLFDWLRQV ,QWURGXFWLRQRI QDQRVL]HG DUWLILFLDO SLQQLQJ FHQWUHV $3&V ZDV
ZLGHO\XVHGWRVWURQJO\HQKDQFH-F DQG)SRIKLJKWHPSHUDWXUHVXSHUFRQGXFWRUV+76&OLNH<%D&X2[<%&27F
  . LQPDJQHWLF ILHOG > @0DLQ DGYDQWDJH RI+76& WRZDUGV FRQYHQWLRQDO VXSHUFRQGXFWRUV OLNH1E7L RU
1E6Q LV WKH SRVVLELOLW\ WR XVH QLWURJHQ ERLOLQJ SRLQW . LQVWHDG RI KHOLXP ERLOLQJ SRLQW . DV FRRODQW
,PSUHVVLYHO\ LQ WKH SDVW WHQ \HDUV RU VR WKH QDQRHQJLQHHULQJ DSSURDFK WR FRQWURO PLFURVWUXFWXUH GLVWULEXWLRQ
FRQFHQWUDWLRQDQGGLPHQVLRQDOLW\RI$3&VKDVEHHQGHPRQVWUDWHGWREHDSRZHUIXOWRROWRSURGXFH<%&2WKLQILOPV
ZLWKH[FHOOHQWSHUIRUPDQFHV&RPSUHKHQVLYHUHYLHZRQWKHVWDWHRIWKHDUWFKDUDFWHULVWLFVRI<%&2ZLUHVDQGWDSHV
FDQEHIRXQGLQ>@
7KHUPRHOHFWULFVFDQFRQYHUWKHDW LQWRHOHFWULFDOHQHUJ\ZLWKRXWPRYLQJSDUWV(IILFLHQWVPDOODQG OLJKWZHLJKW
WKHUPRHOHFWULF PRGXOHV DUH LQVWUXPHQWDO IRU UHF\FOLQJ ZDVWH KHDW LQ D ZLGH UDQJH RI WHPSHUDWXUHV JDVHV IURP
LQGXVWULDO SODQWV FDU HQJLQHV DQG HYHQGRPHVWLF VWRYHV ,QRUGHU WR LPSURYH WKH HIILFLHQF\RI WKH WKHUPRHOHFWULF
FRQYHUVLRQ WKHDGLPHQVLRQDO ILJXUHRIPHULW=7 V6î7NZKHUHV HOHFWULFFRQGXFWLYLW\ 6 6HHEHFN
FRHIILFLHQW7 WHPSHUDWXUHDQGN WKHUPDOFRQGXFWLYLW\PXVWEHLQFUHDVHG7RGDWHWKHEHVWSHUIRUPDQFHLVJLYHQ
E\DOOR\VOLNH%L7HRU6E7HZKRVHNH\IHDWXUHLVWKHSUHVHQFHRIQDWXUDOQDQRVL]HGGHIHFWVZKLFKDFWDVHIILFLHQW
SKRQRQVFDWWHUHUV IRU WKH GHSUHVVLRQRINDQG WKH FRQVHTXHQW LQFUHDVHRI=7 >@2Q WKH RWKHU KDQG R[LGHVKDYH
EHHQUHFRJQL]HGDVSURPLVLQJFDQGLGDWHVIRUSUDFWLFDOXWLOL]DWLRQDVWKHUPRHOHFWULFPDWHULDOVVLQFHWKH\DUHPRUHVWDEOH
WKDQPHWDOOLFPDWHULDOVLQR[LGL]LQJHQYLURQPHQWVRYHUZLGHWHPSHUDWXUHUDQJH>@,QGHHGR[LGHVSRVVHVVLPSRUWDQW
FKDUDFWHULVWLFVVXFKDVWKHLUEHQLJQQDWXUHDEXQGDQWVXSSO\DQGFRVWHIIHFWLYHQHVV0RUHUHFHQWO\UHVHDUFKHUVVWDUW
WR IRFXV RI WKHUPRHOHFWULFR[LGH WKLQ ILOPVZKLFK DUH HDVLHU WR EH IXQFWLRQDOL]HGDW WKH QDQRVFDOHZLWKUHVSHFWWR
WKHEXONR[LGHV2YHUYLHZRQWKHUHFHQWVWDWXVRIUHVHDUFKRQWKHUPRHOHFWULFVR[LGHWKLQILOPVFDQEHIRXQGKHUH>@
7KLV FRQWULEXWLRQ ZLOO EULHIO\ KLJKOLJKW RXU UHFHQW SURJUHVVHV RQ KLJK TXDOLW\ QDQRVWUXFWXUHG ILOPV RI
VXSHUFRQGXFWLQJDQGWKHUPRHOHFWULFR[LGHVZLWKVWURQJO\HQKDQFHGSURSHUWLHVIRUVXVWDLQDEOHHQHUJ\DSSOLFDWLRQV
([SHULPHQWDOSURFHGXUH
$/DPEGD3K\VLN.U)H[FLPHUODVHUO QPZDVXVHGIRUIDEULFDWLRQRI<%D&X2<%&2VXSHUFRQGXFWLQJ
WKLQILOPVGRSHGZLWK%D6Q2%62<2DQG%62<2RQ6U7L2672VXEVWUDWHV7KH3XOVHG/DVHU
'HSRVLWLRQ3/'FRQGLWLRQVZHUHHQHUJ\GHQVLW\E  -FPGHSRVLWLRQWHPSHUDWXUHT)  &R[\JHQSDUWLDO
SUHVVXUHpO2) ˙ P7RUUUHSHWLWLRQUDWHI +]VXEVWUDWHWRWDUJHWGLVWDQFHG PP)RUWKHGHSRVLWLRQ
RISXUH<%&2WKLQILOPDSULVWLQH<%&2WDUJHWZDVDEODWHGIRUODVHUSXOVHVZKLOHIRU<%&2ILOPVDGGHGZLWK
QDQRGHIHFWV<%&2%62PL[HGWDUJHWV<%&2DGGHGZLWKx ZWRIWKH%62SKDVHEHLQJx  DQGDQG
<%&2<2VXUIDFHPRGLILHGWDUJHWVLQWKLVFDVHDVOLFHRI<2ZKLFKSHUFHQWDJHRIWRWDOWDUJHWDUHDLVGHQRWHG
DV$LVVXFNRQWKHVXUIDFHRIWKHWDUJHWIRUSHULRGLFDODEODWLRQDQG$ZDVYDULHGDVDQGZHUH
XVHG <%&2%62<2ILOPV ZHUH SUHSDUHG LQPXOWLOD\HU IDVKLRQ DOWHUQDWLQJ<%&2%62 DQG <%&2<2
OD\HUVE\SHULRGLFVZLWFKLQJRIWKHWZRWDUJHWV
6XSHUFRQGXFWLQJ WUDQVLWLRQ WHPSHUDWXUH Tc Jc/B FKDUDFWHULVWLFV T  .B//cB a 7 DQG Jc/B/T DQJXODU
GHSHQGHQFHVT  .B  7EHLQJT WKHDQJOHEHWZHHQ%DQGFD[LVRIWKHUILOPZHUHPHDVXUHGE\SK\VLFDO
SURSHUWLHVPHDVXUHPHQWV\VWHP33064XDQWXP'HVLJQ86$7KHWKHUPRHOHFWULF$OGRSHG=Q2$=2WKLQ
ILOPVZHUHJURZQRQ672$O2DQGIXVHGVLOLFDVXEVWUDWHVE\WKH3/'WHFKQLTXHXVLQJD1G<$*ODVHUO 
QP7KH3/'FRQGLWLRQVZHUHE  -FPT  &pO2 ˙P7RUUI +]G PP$OZDV
IRXQGDVWKHEHVWGRSLQJLQEXON7KHHOHFWULFDOFRQGXFWLYLW\YHUVXVWHPSHUDWXUHV±7 FKDUDFWHULVWLFZDVPHDVXUHG
E\DFRQYHQWLRQDOIRXUSUREHWHFKQLTXHIURPWR.ZLWKDKRPHPDGHDSSDUDWXV7KH6HHEHFNFRHIILFLHQWZDV
203 Paolo Mele et al. /  Procedia Engineering  171 ( 2017 )  201 – 206 
PHDVXUHGE\DFRPPHUFLDOO\DYDLODEOHV\VWHP0057HFKQRORJLHV86$7KHFU\VWDOOLQLW\DQGWKHRULHQWDWLRQVRI
ERWKVXSHUFRQGXFWLQJDQGWKHUPRHOHFWULFWKLQILOPVTTVFDQVURFNLQJFXUYHV)VFDQVDVZHOODVc D[LVOHQJWKV
ZHUHGHWHUPLQHGE\;5'%UXNHU''LVFRYHU\&URVVVHFWLRQVRIDOOILOPVZHUHDQDO\VHGE\WUDQVPLVVLRQHOHFWURQ
PLFURVFRS\7(0-(2/
5HVXOWVDQGGLVFXVVLRQ
3.1. Superconducting thin films 
1DQRHQJLQHHULQJDSSURDFKZLWKWKHLQFRUSRUDWLRQRIQDQRVL]HGDUWLILFLDOSLQQLQJFHQWUHVKDVEHHQFRQVLGHUHGWR
LPSURYHWKHSLQQLQJSHUIRUPDQFHRI<%&2WKLQILOPV
$WILUVWZHWULHGDGGLQJ%62WR<%&2ILOPVJURZQRQ672VXEVWUDWHVE\3/'>@%\DEODWLRQRIPL[HG%62
<%&2WDUJHWVZLWK LQFUHDVLQJ%62FRQWHQW aZWZHREWDLQHGKLJKTXDOLW\<%&2WKLQ ILOPV LQFRUSRUDWLQJ
%62 LQ IRUPRIQDQRURGVZKLFKDUHFODVVLILHGDVRQHGLPHQVLRQDO$3&V'$3&V<%&2ILOPVDGGHGZLWK
ZW%62KDYHKXJH)S0$; *1P.7%F+RZHYHU-F LVLQWULQVLFDOO\DQLVRWURSLFZLWKWKHGLUHFWLRQ
RIDSSOLHGPDJQHWLFILHOGZLWKDPD[LPXPIRU%FD[LVDQGWKLVLVDFULWLFDOLVVXHIRUSUDFWLFDODSSOLFDWLRQVVLQFH
WKHYDOXHRI-FLVGHVLUHGWREHFRQVWDQWLQDOOGLUHFWLRQVRIDSSOLHGPDJQHWLFILHOG



)LJ7\SLFDO7(0FURVVVHFWLRQDOLPDJHVILUVWURZDQGVFKHPDWLFUHSUHVHQWDWLRQVVHFRQGURZRI<%&2ILOPVDGGHGZLWKDUWLILFLDO
SLQQLQJFHQWHUV$3&VRIYDULRXVGLPHQVLRQDOLW\D'$3&V<%&2ZLWKZWFD[LVDOLJQHG%62QDQRURGVE'$3&V<%&2
ZLWKUDQGRPO\GLVSHUVHG$<2QDQRSDUWLFOHVF''$3&V<%&2PXOWLOD\HUDGGHGZLWKDOWHUQDWLQJ'$3&V%62
QDQRURGVDQG'$3&V<2QDQRSDUWLFOHV

7RVROYHWKLVLVVXHZHWULHGWKHLQFRUSRUDWLRQRI<2 QDQRSDUWLFOHVWKUHHGLPHQVLRQDO$3&V'$3&VLQVLGH
WKH<%&2ILOP$UHDVRI<2 VHFWRUVRQ<%&2WDUJHWZHUH LQFUHDVHGDQGRI WKH<%&2
SHOOHW DUHD 5DQGRPO\ GLVWULEXWHG <2 SDUWLFOHV ZKRVH GHQVLW\ ZDV SURSRUWLRQDO WR WKH DUHD RI VHFWRU ZHUH
LQFRUSRUDWHGLQ<%&2ILOPV&RQVLVWHQWZLWKWKHPLFURVWUXFWXUH-FZDVLVRWURSLF7KH$<2DGGHGVDPSOH
SUHVHQWHG)S0$; *1P.7%FZKLFK LV VLJQLILFDQWO\ ODUJH WKRXJK LQIHULRU WR WKHYDOXH UHSRUWHG
LQ<%&2%62 ILOPV ZLWK WKH VDPH FRQGLWLRQV:H IXUWKHU XVHG WKH VLQJOH YRUWH[ G\QDPLFV PRGHO WR DFFRXQW
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IRU YRUWH[SLQQLQJLQWKHVDPSOHV7KH$<2 <%&2ILOPUHVXOWVKRZVDJRRGDJUHHPHQWZLWKWKHPRGHOILW
XSWR% 7>@



)LJ*OREDOSLQQLQJIRUFH)S -Fh%DW.%FRI<%&2ILOPVDGGHGZLWK$3&VRIYDULRXVGLPHQVLRQDOLWLHV'$3&V<%&2ZW
%62'$3&V<%&2$<2QDQRSDUWLFOHV''$3&V<%&2%62<2)SRISXUH<%&2ILOPLVUHSRUWHGDVUHIHUHQFH
)SRI1E7LWDSHDW.LVSORWWHGDVDPLOHVWRQH

8OWLPDWH DSSURDFK ZDV FRPELQDWLRQ RI DGYDQWDJHV RI ' DQG '$3&V SLQQLQJ ZLWK FRH[LVWHQFH RI %62
QDQRURGVDQG <2 QDQRSDUWLFOHV 0XOWLOD\HUHG ILOPV DOWHUQDWLQJ <%&2<2 DQG <%&2%62 OD\HUV ZHUH
SUHSDUHG LQ3/'FKDPEHUE\VZLWFKLQJ<%&2a$<2DQG<%&2ZW%62WDUJHWV'LIIHUHQW
FRPELQDWLRQVYDU\LQJWKH WKLFNQHVVRI OD\HUVZHUH WULHG%HVW UHVXOWZDV REWDLQHGZLWK WKH FRPELQDWLRQ>QP
<%&2%62QP<%&2<2@îSUHVHQWLQJ)S0$; *1P.7%F>@
3.2. Thermoelectric thin films 
6HYHUDOR[LGHVDUHSURPLVLQJIRUWKHUPRHOHFWULFDSSOLFDWLRQV>@WKHEHVWSHUIRUPDQFHIRUEXONR[LGHVRIDUKDV
EHHQUHDFKHGE\GRSHGpW\SH&D&R2>@DQGnW\SH=Q2>@=7aDW.LQERWKFDVHV
,Q RXU UHVHDUFK RQ WKHUPRHOHFWULF R[LGH WKLQ ILOPV ZH IRFXVHG DW ILUVW RQ =Q2 D VHPLFRQGXFWRU ZLWK ZLGH
GLUHFW EDQG JDS  H9 ZHOO NQRZQ IRU LWV YHUVDWLOH DSSOLFDWLRQV RSWLFV VRODU FHOOV HOHFWURGHV JDV VHQVRUV
ELRSK\VLFV HWF =Q2 FDQ DOVR EH UHJDUGHG DV ORZFRVW QRQWR[LF VWDEOH WKHUPRHOHFWULF PDWHULDO IRU VSDFH
DSSOLFDWLRQVVRODUWKHUPDODQGHOHFWULFDOHQHUJ\SURGXFWLRQ
(SLWD[LDOWKLQILOPVRI=Q$O2$=2ILOPVZHUH IDEULFDWHGE\3/'RQVHYHUDOVXEVWUDWHV6U7L2672
$O2 DQGIXVHGVLOLFD7(0LPDJHVUHSRUWHGLQ)LJXUHGHPRQVWUDWHW\SLFDOFROXPQDUJURZWKRIWKHILOPVRQ672
DQG $O2 ZKLOH ILOPV JURZQ RQ VLOLFD SUHVHQW WKLQ QDWXUDO EXIIHU OD\HUV ZLWK UDQGRPO\ RULHQWHG JUDLQV $V
VXPPDUL]HGLQ)LJXUHDW7GHS q&ILOPVGHSRVLWHGRQVLOLFDDOZD\VVKRZVKLJKHUYDOXHVRI=7LQFRPSDULVRQ
ZLWK ILOPV GHSRVLWHGRQ$O2DQG 672 DW 7   . =7VLOLFD   =7672   DQG =7$O2  
)XUWKHUPRUHDOOWKHILOPVKDYHODUJHU=7LQFRPSDULVRQZLWKWKHFRUUHVSRQGHQWEXONPDWHULDO=7EXON 6LQFH
WKHYDOXHVRIVDQG6GLGQRWFKDQJHGUDPDWLFDOO\RQWKHGLIIHUHQWVXEVWUDWHVZHDWWULEXWHWKHHQKDQFHPHQWRI=7
YDOXHVRIWKHWKLQILOPVWRWKHIDFWWKDWWKHYDOXHVRINRI=Q2ILOPVDWURRPWHPSHUDWXUHDUHVPDOOHUWKDQWKHYDOXH
RIFRUUHVSRQGLQJEXONa:Pî.>,QQXPEHUVN672 :Pî.>@N$O2 :Pî.>@
DQGNVLOLFD :Pî.>@7KHGHSUHVVLRQRINLQWKLQILOPVLVGXHWRVHYHUDOIDFWRUVHQKDQFHGSKRQRQVFDWWHULQJ
E\ LQWULQVLF GHIHFWV RI WKH ILOPV SRLQW GHIHFWV GLVORFDWLRQV LPSXULWLHV SRUHV SKRQRQ VFDWWHULQJ DW WKHJUDLQ
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ERXQGDULHVSKRQRQVFDWWHULQJDWWKHLQWHUIDFHEHWZHHQILOPDQGVXEVWUDWH



)LJ7\SLFDO7(0FURVVVHFWLRQDOLPDJHVRI$=2WKLQILOPJURZQRQVHYHUDOVXEVWUDWHVDWq&D672E$O2FIXVHGVLOLFD
QDWXUDOEXIIHUOD\HUFDQEHREVHUYHGRQWKH6L2VXEVWUDWH

)LJ)LJXUHRIPHULW=7 V6h7NRI$=2ILOPVGHSRVLWHGRQVHYHUDOVXEVWUDWHVDWq&
%HKDYLRURIWKHFRUUHVSRQGLQJEXONPDWHULDOLVUHSRUWHGIRUFRPSDULVRQ

2XWORRNDQGSHUVSHFWLYH
7KH UHVXOWVSUHVHQWHG LQ WKLVSDSHU LQGLFDWH WKDW WKHQDQRHQJLQHHULQJDSSURDFKE\3/'PHWKRGFDQSURGXFHD
YDULHW\RIFRPSOH[QDQRFRPSRVLWHR[LGHWKLQILOPVZLWKXQLTXHSURSHUWLHVIRUVXVWDLQDEOHDSSOLFDWLRQV+LJKTXDOLW\
ILOPV RI VXSHUFRQGXFWLQJ R[LGHV <%D&X2[ <%&2 DQG WKHUPRHOHFWULF R[LGHV $OGRSHG =Q2 $=2 ZHUH
SUHSDUHGDQGFKDUDFWHUL]HG
,QWKHFDVHRI<%&2WKLQILOPVWKHQDQRHQJLQHHULQJDSSURDFKLVDWYHU\DGYDQFHGOHYHOVDWLVIDFWRU\FRQWURORI
QDQRGHIHFWV VL]H DQGGLVWULEXWLRQZDV DFKLHYHG7KH DGGLWLRQVRI VHYHUDO NLQGVRI$3&VDUHYHU\ HIIHFWLYH LQ WKH
HQKDQFHPHQWRISHUIRUPDQFHVODUJHLQILHOGSLQQLQJIRUFHV)SDW.DQG%FZDVREWDLQHG+LJKOLJKWVDUH)S0$;
 *1P7LQ<%&2DGGHGZLWK'$3&VZW%62QDQRURGV)S0$; *1P7LQ
<%&2DGGHGZLWK' $3&V<2QDQRSDUWLFOHV)S0$; *1P7 LQ<%&2''$3&V
PXOWLOD\HUVDOWHUQDWLQJ%62QDQRURGVDQG<2QDQRSDUWLFOHV'HVSLWHVXFKHQFRXUDJLQJUHVXOWVWKHSHUIRUPDQFHRI
VXSHUFRQGXFWLQJWKLQILOPVVWLOOUHTXLUHVDEUHDNWKURXJKLQRUGHUWRUHDOL]HIXOOSUDFWLFDODSSOLFDWLRQ,QSDUWLFXODUWKH
LUUHYHUVLELOLW\ILHOG%LUUQHHGVWREHLPSURYHG)RUH[DPSOHDW\SLFDOYDOXHVRI%LUU.IRURXU<%&2%62ILOP
LVDERXW7>@5HFHQWO\;XHWDOUHSRUWHG%LUU 7.IRU02&9'<*G%&2GRSHGZLWKYRO=U
DOWKRXJK)S0$; *1PDW7LVDERXWKDOIWKHYDOXHREWDLQHGE\XVLQWKH<%&2%62>@7KHUHIRUH
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
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